Electronic excitation and ionization spectra of cyclopentadiene ͑CP͒ were reinvestigated by the symmetry-adapted cluster ͑SAC͒ and SAC-configuration interaction ͑SAC-CI͒ method with an extended basis set and a wide active orbital space. To give a satisfactory interpretation of the general profile of the observed excitation spectrum, 40 low-lying excited singlet and triplet states ͑with excitation energies of up to 9.5 eV͒ were computed. The calculated excitation energies were greatly improved compared to those reported previously. All of the peaks in the experimental spectrum were reassigned theoretically with small deviations. The natures of the low-lying valence and Rydberg-excited states were discussed in detail, and the results were also compared with those of some other recent theoretical studies. The ionization energies calculated by the SAC-CI general-R method agree well with the experimental peaks in the photoelectron spectrum. A number of two-electron shake-up states were calculated below 23 eV.
I. INTRODUCTION
Electronic excited states of cyclopentadiene ͑CP͒ have been extensively investigated by various spectroscopic experiments due to its importance as a model compound for photochemical reactions of various cyclic dienyl systems. The locations and assignments of various singlet intravalence -* and Rydberg transitions have been a major subject of optical ultraviolet ͑UV͒ spectroscopic studies. [1] [2] [3] Spinforbidden singlet-triplet transitions have so far been investigated by electron energy-loss ͑EEL͒ spectroscopy. 4 Ionization potentials ͑IPs͒ of CP have also been studied by photoelectron spectroscopy ͑PES͒. 5 On the other hand, the experimental work has received relatively little support from ab initio calculations. Only a few theoretical interpretations of observed spectra based on ab initio calculations have been reported; symmetry-adapted cluster ͑SAC͒ and SAC-configuration interaction ͑SAC-CI͒ calculations 6 in 1985, random phase approximation ͑RPA͒ calculations 7 in 1991, complete active space second-order perturbation ͑CASPT2͒ calculations 8 in 1993, and multireference Mo "ller-Plesset ͑MRMP͒ perturbation calculations 9 in 1996. The earliest SAC/SAC-CI study 6 was a pioneering work, but because of the lack of the computational resources in those days, the limited basis sets and small active space impaired the quality of the results. The RPA calculations were not accurate enough to allow a full interpretation of the spectrum. In the latter CASPT2 and MRMP studies, fairly large basis sets were used; an atomic natural orbital ͑ANO͒ basis set augmented by ring-centered diffuse s-, p-and d-functions in CASPT2, and Dunning's cc-pVTZ basis set augmented by charge-centered diffuse s-, p-, and d-functions in MRMP. These two similar theoretical methods gave very similar computational results and gave a relatively reasonable interpretation of singlet valence excitations lower than 8 eV. The ionized states of CP were investigated by, together with the excited states, the SAC/SAC-CI method, 6 but not by the CASPT2 and MRMP methods.
In this study, we re-examined the singlet and triplet valence and Rydberg excitations and ionizations of CP using a better-quality basis set and a larger active space by the SAC/ SAC-CI singles and doubles operator R K ϩ ͑SD-R͒ calculations. Furthermore, to give a theoretical interpretation of correlation ͑satellite͒ peaks characterized by the multielectron process in the PES spectrum, 5 the SAC/SAC-CI general-R method 10 was also employed for an accurate calculation of the inner-valence region of the ionization spectrum. In Sec. II, we outline the computational details. Calculated results and discussions are presented in Sec. III. A summary is given in Sec. IV.
II. COMPUTATIONAL DETAILS
The details of the SAC/SAC-CI method for calculating ground, excited, and ionized states of molecules have been presented elsewhere. [10] [11] [12] [13] [14] [15] [16] [17] [18] An experimental ground-state equilibrium geometry of CP with C 2v symmetry 19 was used and the CP ring was put on the yz-plane with z as the principle axis ͑Fig. 1͒. The calculated excitation energies are, therefore, vertical in nature.
Dunning's augmented correlation consistent basis set AUG-cc-pVDZ ͑Ref. 20͒ was used for C atoms, and ccpVDZ ͑Ref. 21͒ was used for H atoms. Additionally, a set of diffuse functions (3s3 p3d) selected from the studies of Kaufmann et al. 22 was placed on the molecular center of gravity. These molecule-centered diffuse functions are the same as those used by Trofimov and Schirmer. 23 All SCF a͒ Author to whom correspondence should be addressed. Electronic mail: hiroshi@sbchem.kyoto-u.ac.jp calculations were performed with the GAUSSIAN 98 package. 24 The total number of basis functions is 185. This augmented basis set is adequate for describing widely different electronic structures of molecules in the ground state, singlet and triplet valence and Rydberg excited states and ionized states, and for describing valence and diffuse characters and different correlation effects.
The present SAC/SAC-CI calculations were performed with the local version of the SAC-CI module. 18 The active space consists of 13 occupied orbitals and 167 virtual orbitals; only the 1s core MOs of C atoms were frozen. In the SAC ground-state calculation, all single-excitation and selected double-excitation operators S I ϩ were included in the linked term. The energy threshold g for perturbation selection 16 ͑PS͒ was 1.0ϫ10 Ϫ5 a.u. For the unlinked term, we included only the products of the double-excitation operators S I ϩ S J ϩ when the coefficients C I and C J , estimated by SD-CI in practice, were larger than 1.0ϫ10
Ϫ3 . In the SAC-CI SD-R calculations of excited and ionized states, all single-excitation operators and selected doubleexcitation operators were included in the linked operators R K ϩ . Perturbation selection was performed as follows. First, we selected the main reference configurations from SE-CI with a coefficient greater than 0.1, and then selected the double-excitation operator whose second-order perturbation matrix element with one of the main reference configurations is larger than the threshold e (1.0ϫ10 Ϫ6 a.u.). In the un-
, we included the doubleexcitation operators ͕S I ϩ ͖ whose coefficients (C I ) were larger than 1.0ϫ10 Ϫ3 in the SAC ground-state calculation, and as the R K ϩ operator, we included the single-and doubleexcitation operators whose coefficients ͑taken from SD-CI in practice͒ were greater than 0.05. In the SAC-CI general-R ͑Ref. 10͒ calculations of the outer-and inner-valence ionization potentials of CP, a preliminary SD-CI calculation was performed to select the operators for the exponential generation ͑EG͒ scheme 17 by which we construct important triple and quadruple excitation operators required for a quantitative description of the multielectron process in the ionization spectrum. The generated higher-order excitation operators were further selected by the perturbation selection 16 procedure with the energy threshold of 1.0ϫ10 Ϫ6 hartree. Therefore, all single ͑ionization͒ operators and selected higher operators ͑SDTQ͒ were included in the linked term of SAC-CI general-R equation. In the unlinked term, we included all the double-excitation operators ͕S I ϩ ͖ in the SAC ground-state calculation, and as the R K ϩ operator, we included all single operators and selected higher-order operators up to quadruple. Table I shows the previous 6 and present SAC/SAC-CI SD-R computational conditions. Fifteen years ago, the computational resources were substantially smaller than those used here; the available main memory and disk space were very limited, though the previous calculations were certainly ''big'' by the standard of that time. With the tremendous advances in computer technology, we can use a much better basis set and much larger active space. This improvement, by itself, made the calculated results significantly better, even though the basic method used here is the same as the previous one, i.e., the SAC/SAC-CI method. The improvements in the SAC/SAC-CI program and algorithm, etc., are also important, but for the comparisons in Table I , the improvements in the computer technology play the greatest role.
III. RESULTS AND DISCUSSION
With the basis set mentioned above, the SCF energy of CP is Ϫ192.814 698 hartrees. The SAC ground-state energy is Ϫ193.172 258 hartrees, and the correlation energy is 0.357 559 hartrees. The corresponding previous values were Ϫ192.737 32, Ϫ192.965 84, and 0.228 52 hartrees, respectively.
To distinguish between valence and Rydberg-type tran- Table II , together with their orbital energies, symmetries, and characters. Table III shows singlet and triplet excitation energies, oscillator strengths and second moments calculated by the SAC/SAC-CI SD-R method. In Table IV , the singlet and triplet excitation energies calculated by the SAC-CI SD-R method are compared to the experimental values, and to the CASPT2 and MRMP results. Figure 2 shows a comparison of the experimental EEL spectrum 4 and the theoretical SAC-CI spectrum of CP.
A. Singlet valence excited states
Roughly speaking, CP is regarded as two ethylene systems with two occupied and two antibonding * molecular orbitals ͑MO's͒. Therefore, there are four separate singlet excited states within these MO's, and Mulliken 25 designated the four lowest -* singlet transitions in this simple model as N→V 1 , V 2 , V 3 , and V 4 in the order of the transition energy. All of these excitations are electric-dipole allowed, and the transitions N→V 1 4 observed the intensity maximum of a broad transition at 5.26 eV by electron impact spectroscopy and assigned it to N→V 1 ( At 6.15-6.7 eV, there is another feature, peak II, as shown in Fig. 2 . This region is characterized by Rydberg transitions, and therefore will be discussed in the next section.
The region with the most intense inelastic scattering in the electron impact spectrum occurs from approximately 7.2-8.7 eV, with the intensity maximum located at 7.88 eV ͑peak III in Fig. 2͒ In the higher energy region, several transitions are observed in peak IV located at 8.7-9.4 eV of the spectrum shown in Fig. 2 CASPT2 except that Rydberg mixing was found. The reason for this difference between our result and other theoretical results is unclear. This excited state is not observed experimentally because of the weak oscillator strength, so it is difficult to make a conclusion experimentally. However, in the case of thiophene, which will be discussed in a later paper, 28 the 2 1 A 1 state has been well reproduced by the SAC-CI SD-R method with regard to both excitation energy and oscillator strength, in comparison with the experimental data in the VUV spectrum.
B. Singlet Rydberg states
The lowest singlet Rydberg transition located at 5.63 eV with a rather weak feature was assigned experimentally by tally assigned. Our current SAC-CI calculations gave a large number of Rydberg excitations, as shown in Tables III and  IV. The 3 1 B 2 state 1a 2 →3d xz transition was calculated at 6.93 eV with an intensity of 0.0005, the 3 1 A 1 state 1a 2 →3d xy was at 6.96 eV with an intensity of 0.0007, and they were both assigned to the 6.80 eV region in the spectrum. The 3 1 B 1 state 1a 2 →4 p y transition at 7.24 eV with an intensity of 0.0072 and the 4 1 B 2 state 1a 2 →4 p x at 7.25 eV with an intensity of 0.0078 were both assigned to the 7.05 eV region of the spectrum. In addition, in the higher energy region of 7.07-7.74 eV we obtained many Rydberg states as seen from Table IV , but these states were not reported in the CASPT2 and MRMP studies. We assigned the transition observed at the 7.84 eV region to the 6 1 B 1 2b 1 →3s state ͑denoted as 3sЈ to distinguish the 1a 2 →3s series, for convenience the convention is reserved in thereafter͒ that was calculated at 7.93 eV with an intensity of 0.0095, where the space symmetry is the same as in the MRMP assignment, 3
1 B 1 . The transition observed in the 8.03 eV region is assigned to the 7 1 B 1 (5d yz ) state calculated at 8.08 eV. In the even higher energy region, our assignments are shown in Table IV . Both CASPT2 and MRMP assigned the peaks at 6.80 and 7.05 eV to the 1a 2 →3d transitions, but CASPT2 assigned the 8.03 eV peak to the 2b 1 →3s transition, while MRMP assigned this transition to the peak at 7.84 eV; these assignments were not consistent.
C. Triplet excited states
The lowest-energy transition of CP observed by electron impact spectroscopy 4 had an effective Franck-Condon region extending from 2.5 to 3.9 eV with an intensity maximum at 3.10 eV, which was similar to that obtained by Evans 30 using the oxygen perturbation technique. Frueholz et al. 4 experimentally assigned this transition to the singlet-
. Our current calculations gave the 1 3 B 2 state at 3.40 eV and its second moment was 69.42, which clearly showed it as a valence excited state. Its main configuration is 3 -* excitation of 18 →48.
The second triplet state has not yet been observed by spectroscopic studies. Frueholz et al. 4 suggested that it was hidden behind the singlet valence excitation at 5.2 eV and estimated the excitation energy of the second triplet state to be above 4.7 eV. Our current results predict this state to be 1 3 A 1 at 5.18 eV with a second moment of 70.18, which means it is a valence-excited state. Its main configuration is a mixture of the 3 -* excitation of 17→48 and 18→54. CASPT2 also computed these two valence excited states at 3.15 (1 3 B 2 ) and 4.90 eV (1 3 A 1 ). In addition, the lowest 3 A 2 and 3 B 1 states have also been calculated at 5.56 and 6.19 eV, respectively, and these are Rydberg excitations in nature as seen from Table IV.
D. Ionized states
The electronic structure of the ground state of CP can be described with 18 molecular orbitals ͑MOs͒. They are given in Table II together with their natures and symmetries. A photoelectron spectrum ͑PES͒ of CP has been measured by Derrick et al. 5 up to 23 eV, containing both outerand inner-valence regions: it is illustrated in the upper side of Fig. 3 . Table V shows the SAC-CI general-R theoretical binding energies, monopole intensities, main configurations, and assignments of the ionization peaks in PES. Table V also shows the SAC-CI SD-R results and Koopmans values. The SAC-CI general-R method gave satisfactory results, which were better than the SD-R results. The Koopmans values derivate strongly from the experimental values except for those of the two lowest states. In Fig. 3 , the experimental PES and the present theoretical spectrum calculated by the SAC-CI general-R method are compared.
The peaks at 8.566 and 10.724 eV were experimentally assigned 5 to the outer two MOs 1a 2 and 2b 1 . Our present SAC-CI general-R calculations computed these two states at 8.39 and 10.80 eV, respectively. It is clear from the main configurations ͑shown in Table IV͒ .79, and 13.58 eV, respectively, by the SAC-CI general-R method. These ionizations are also dominated by one-electron process, as seen from their main configurations. Note that the experimental peaks at ϳ12.2 and ϳ12.6 eV are overlapping ones with complicated vibrational structure.
In the energy region higher than 14.3 eV, other six sequential ionization peaks were observed at 14.8, 16.4, 17.5, 18.4, 22.0, and 22.3 eV. Our present SAC-CI general-R results calculations showed that these six ionizations were more or less characterized by multielectron processes. The peak at 14.8 eV was assigned to the 3 2 B 1 state calculated at 15.26 eV with the main configurations that are a mixture of the single-and double-electron processes, 0.85(12→ϱ) and 0.46(18→48,18→ϱ), respectively. The peak at 16.4 eV was assigned to the 3 2 A 1 state calculated at 16.67 eV with the main configurations of 0.87(11→ϱ), 0.11(9→ϱ), and 0.23(18→48,16→ϱ). The peak at 17.5 eV was assigned to the 3 2 B 2 state calculated at 17.28 eV with the main configurations of 0.77(10→ϱ) and 0.41(15→48,18→ϱ). The peak at 18.4 eV was assigned to the 5 2 A 1 state calculated at 17.98 eV with the main configurations of 0.87(9→ϱ), 0.17 (11 →ϱ) , and 0.19(18→48,16→ϱ). The peaks at about 22.0 and 22.3 eV lie in a broad peak in PES. 5 Our present SAC-CI general-R calculations gave many ionized states with the natures of the multielectron process in this region. 22 .84 eV with a monopole intensity of 0.10 has the main configurations of 0.32(7→ϱ), 0.37(18→34,18→ϱ), and 0.25 (18 →29,17→ϱ) . Thus our results show that the peaks at around 22.0 eV consist of a series of correlation peaks.
Note that the present SAC-CI SD-R results ͑shown in Table V͒ are generally in agreement with the experimental PES data except for the three ionization peaks at 14.8, 22.0, and 22.3 eV, which are dominated by multiple-electron processes. Since the SD-R calculations did not include higherorder excitation operators, the ionization potentials of the inner-valence region were not accurately computed. A comparison of the general-R results with the SD-R results obviously shows that the inclusion of a small number of but important higher-order excitation operators by the SAC-CI general-R method remarkably improves the description of the binding energies in the inner-valence region.
IV. CONCLUSIONS
In the present study, singlet and triplet excited states and ionized states of cyclopentadiene ͑CP͒ were reinvestigated by the SAC/SAC-CI method with an adequately extended basis set and a large active orbital space. The 40 low-lying singlet and triplet excited states were calculated and a reliable assignment for the UV and EEL spectra up to 8 eV was made using the calculated excitation energies and oscillator strengths. Valence and Rydberg excited states were discussed separately in detail. Furthermore, the SAC-CI general-R method with the combined use of the exponential generation and perturbation selection schemes for including higher-order excitation operators was applied to the ionized states of CP up to 23 eV. A comparison of the experimental PES spectrum and our present calculations shows a good agreement in terms of the binding energies and the peak intensities in the both outer-and inner-valence regions.
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